ABSTRACT: Ninety weanling pigs in Exp. 1 (6.27 ± 0.73 kg; 21 d of age) and 96 growing pigs in Exp. 2 (21.73 kg ± 1.29 kg; 56 d of age) were used in two 42-d experiments to evaluate the effect of phenyllactic acid (PLA) on growth performance, apparent total tract digestibility (ATTD) of DM and N, fecal pH value, microbial shedding, and blood profiles. In Exp. 1, the 3 dietary treatments were 1) negative control (NC), 2) positive control (PC), NC + antibiotics, and 3) PLA, NC + 0.5% PLA. In Exp. 2, dietary treatments were 1) control diet (CON), 2) PLA-0.1, CON + 0.1% PLA, 3) PLA-0.2, CON + 0.2% PLA, and 4) PLA-0.3, CON + 0.3% PLA. In Exp. 1, pigs fed the PC and PLA diets had greater ADFI during the overall period (P < 0.05) and tended to have greater ADG and G:F from d 7 to 21 (P < 0.10) than those fed the NC diet. The ATTD of DM was greatest in pigs fed the PLA diet on d 20 and 41, and N digestibility on d 20 was greater in pigs fed the PLA diet (P < 0.05) than those fed the NC diet. The numbers of white blood cell and lymphocyte concentrations on d 42 were increased (P < 0.05) by the inclusion of antibiotics and PLA in the diet. In Exp. 2, G:F tended to increase when PLA was added (quadratic, P < 0.10). The ATTD of DM did not differ among treatments, but there was a tendency (quadratic, P < 0.10) for N digestibility to increase as PLA levels increased. The lymphocyte percentage on d 42 increased linearly as dietary PLA increased (P < 0.05). Additionally, the white blood cell counts on d 42 tended to increase as PLA levels increased (P < 0.10). In both experiments, there was no effect of treatment on the fecal pH or presence of Lactobacillus, but the number of Escherichia coli in feces on d 41 decreased in response to the addition of PLA [P < 0.05 and 0.001 (linear) in Exp. 1 and 2, respectively]. In conclusion, PLA can decrease the number of E. coli, and this novel dietary acid may have potential to stimulate the immune system for both weanling and growing pigs. Thus, it could be a good candidate as an alternative to antibiotics in pig diets.
INTRODUCTION
Recently, the use of acidifiers as potential alternatives to antibiotics in the diets of swine has been evaluated, and many studies have confirmed their positive effects on growth performance in postweaning pigs (Partanen and Mroz, 1999) . The stress of weaning and the immature development of the digestive tract make newly weaned pigs susceptible to digestive disorders and diarrhea. Acidifiers may function by exerting antimicrobial activity that can reduce the pathogenic flora of the gut, which would have beneficial effects on the utilization of nutrients (Manzanilla et al., 2004; Walsh et al., 2007) . In addition, organic acids are known to reduce the incidence of subclinical infections and modify the immune system (Dibner and Buttin, 2002) . However, as pigs grow, acidifiers become less effective because of the development of the digestive system. Phenyllactic acid (PLA) is an organic acid that is produced as a result of phenylalanine metabolism (Thierry and Maillard, 2002) , and recently, it has been found in the culture of a strain of Lactobacillus plantarum. The PLA has shown a broad spectrum of antibacterial and antifungal activities (Dieuleveux et al., 1998; Ström et al., 2002; Lavermicocca et al., 2003) in vitro under a broad pH values, ranging from 2.5 to 5.5, and had less odor compared with other organic acids, such as acetic acid. In addition to its antimicrobial effects, l-PLA is also utilized as a source of phenylalanine for pigs and has shown to be capable of replacing 70.1% of the phenylalanine while promoting the growth performance of chicks and mice (Boebel and Baker, 1982; Wang et al., 2009) . However, to the best of our knowledge, no studies have been conducted to evaluate the use of PLA or its salts in swine diets.
Therefore, we conducted 2 experiments to evaluate the effects of the inclusion of PLA in the diet of weanling and growing pigs on growth performance, nutrient digestibility, fecal microbial shedding, and blood profile.
MATERIALS AND METHODS
The experimental protocols describing the management and care of animals were reviewed and approved by the Animal Care and Use Committee of Dankook University.
Animals and Facilities
In Exp. 1, a total of 90 weanling pigs [(Yorkshire × Landrace) × (Hampshire × Duroc)] with an average BW of 6.28 ± 0.73 kg were used in a 42-d experiment. Pigs were randomly allotted to 3 experiment diets according to their initial BW and sex (3 gilts and 3 barrows/pen; 5 pens/treatment). In Exp. 2, a total of 96 crossbred pigs with an initial BW of 21.73 ± 1.29 kg (56 d of age) were assigned randomly to 4 dietary treatments based on their sex and BW. Each pen housed 4 pigs (2 gilts and 2 barrows), and there were 6 pens per treatment. The experiment lasted for 42 d.
All pigs were housed in an environmentally controlled room, which provided 0.26 and 0.53 m 2 for each pig in Exp. 1 and 2, respectively. Each pen was equipped with a 1-sided, stainless-steel self-feeder and a nipple drinker that allowed pigs unlimited access to feed and water. Individual pig BW and feed disappearance were recorded weekly for both experiments to determine ADG, ADFI, and G:F.
Dietary Treatments
In Exp. 1, dietary treatments were 1) negative control (NC), 2) positive control (PC), NC + antibiotics (40 mg/kg of avilamycin and 100 mg/kg of oxytetracycline during the phase 1 followed by 100 mg/kg of neomycin and 40 mg/kg of chlorotetracycline during phases 2 and 3), and 3) PLA, NC + 0.5% PLA. The diets were fed during the experiment in 3 phases: d 0 to 7, 7 to 21, and 21 to 42. The PLA (l-3-phenyllactic acid) was obtained in the form of powder (Biotopia Co., Ltd., Ansung, Gyeonggi, Korea). The product is manufactured by isolating recombinant Escherichia coli BL21 strain that can produce l-AA deaminase, which can convert phenylalanine to PLA and, then, PLA is separated by HPLC with 92% purity and 3.46 pKa. In Exp. 2, the dietary treatments included 1) control diets (CON), 2) PLA-0.1, CON + 0.1% PLA, 3) PLA-0.2, CON + 0.2% PLA, and 4) PLA-0.3, CON + 0.3% PLA.
All diets were formulated to meet or exceed the nutrient requirements (NRC, 1998) for weanling pigs (Exp. 1, Table 1 ) and 20 to 50 kg of BW grower pigs (Exp. 2, Table 2 ) and fed in a mash form. Treatment additives were included in the diet by replacing the same amount of corn, and each treatment was made isolysinic and isocaloric by manipulation of soybean meal and fat source (soy oil for Exp. 1 and tallow for Exp. 2). All diets were dried at 100°C for 12 h to determine DM and ground through a 1-mm screen in a Wiley mill before analyzing for CP, P, and Ca (AOAC, 2000) and determining pH. The pH of the sample was measured by a calibrated, glass-electrode pH meter (WTW pH 340-A, WTH Measurement Systems Inc., Ft. Myers, FL).
Sampling and Measurements
Apparent total tract digestibility (ATTD) of DM and N was determined using chromic oxide (0.2%) as an inert indicator (Fenton and Fenton, 1979) . Pigs were fed diets mixed with chromic oxide on d 0, 14, and 35 for Exp. 1 and d 35 for Exp. 2. Fresh fecal grab samples collected from 2 pigs per pen (Exp. 1, d 6, 20 and 41; Exp. 2, d 42) were mixed and pooled, and a representative sample was stored in a freezer at −20°C until analyzed. Before chemical analysis, the fecal samples were thawed and dried at 50°C for 72 h, after which they were finely ground to a size that could pass through a 1-mm screen. All feed and fecal samples were analyzed for DM and N following the procedures outlined by the AOAC (2000). Chromium was analyzed via UV absorption spectrophotometry (Shimadzu UV-1201, Shimadzu, Kyoto, Japan) following the method described by Williams et al. (1962) .
The digestibility was calculated using the following formula:
where N f = nutrient concentration in feces (% DM), N d = nutrient concentration in diet (% DM), C f = chromium concentration in feces (% DM), and C d = chromium concentration in feces (% DM).
For the serum profiles, 2 pigs (1 gilt and 1 barrow) from each pen were randomly selected, and 5-mL blood samples were collected via anterior vena cava puncture on d 0, 21, and 42 for Exp. 1 and d 0 and 42 for the Exp. 2. At the time of collection, blood samples were collected into nonheparinized tubes and vacuum tubes containing K 3 EDTA (Becton, Dickinson and Co., Franklin Lakes, NJ) to obtain serum and whole blood, respectively. After collection, serum samples were centrifuged (2,000 × g) for 30 min at 4°C. Serum total protein was determined using an automatic biochemistry analyzer (Hitachi 747, Hitachi, Tokyo, Japan). Serum IgG was analyzed using nephelometry (Dade Behring, Marburg, Germany). The white blood cells (WBC), red blood cells (RBC), and lymphocyte counts in the whole blood were determined using an automatic blood analyzer (ADVIA 120, Bayer, Tarrytown, NY).
Procedures of Microbial Shedding
Fecal samples were collected directly via massaging the rectum of 2 pigs (1 gilt and 1 barrow) in each pen and then pooled and placed on ice for transportation to the laboratory, where analysis was immediately carried out. A calibrated, glass-electrode pH meter (WTW pH 340-A, WTH Measurement Systems Inc.) was used to measure the pH of the fecal samples, which were diluted with deionized water at a ratio of 1:7.5 (wt/wt). One gram of the composite fecal sample from each pen was diluted with 9 mL of 1% peptone broth (Becton, Dickinson and Co.) and then homogenized. Viable counts of bacteria in the fecal samples were then conducted by plating serial 10-fold dilutions (in 1% peptone solution) onto MacConkey agar plates (Difco Laboratories, Detroit, MI) and lactobacilli medium III agar plates (Medium 638, DSMZ, Braunschweig, Germany) to isolate the E. coli and Lactobacillus, respectively. The lactobacilli medium III agar plates were then incubated for 48 h at 39°C under anaerobic conditions. The MacConkey agar plates were incubated for 24 h at 37°C. The E. coli and Lactobacillus colonies were counted immediately after removal from the incubator. For Salmonella, the serially diluted peptone broth tubes were incubated overnight at 37°C, after which 1 mL was transferred to 9 mL of tetratinate broth (Neogen Corporation, Lansing, MI) and then incubated for 48 h at 42°C. From Dietary treatments were as follows: negative control diet = basal diet as outlined above; positive control diet = basal diet with 40 mg/kg of avilamycin and 100 mg/kg of oxytetracycline during phase 1 followed by 100 mg/kg of neomycin and 40 mg/kg of chlortetracy during phases 2 and 3; PLA diet = basal diet with 0.5% of phenyllactic acid. these tubes, 1 mL was used to inoculate 9 mL of Rappaport Vassiliadis broth (Neogen Corporation) and incubated for 48 h at 42°C. The Rappaport was used to inoculate XLT4 plates for Salmonella isolation, and the Salmonella was then identified using LIS and TSI agar tubes (Difco Laboratories).
Statistical Analysis
For both experiments, all data were subjected to the statistical analysis as a randomized complete block design using the GLM procedures (SAS Inst. Inc., Cary, NC), and the pen was used as the experimental unit. The initial BW was used as a covariate for ADFI and ADG, and initial values were used as a covariate for blood profile. Before carrying out statistical analysis of the microbial counts, logarithmic conversion of the data was performed. Differences among treatment means were determined using the Duncan's multiple range test in Exp. 1, with a P < 0.05 indicating a significance and P < 0.10 being considered as a tendency. In Exp. 2, orthogonal polynomials were used to assess the effect of the dose of PLA.
RESULTS

Exp. 1
Growth Performance. During the phase 1 (d 0 to 7) and 3 (d 21 to 42), no effects of treatments were observed on ADG, ADFI, and G:F, and BW were also not affected by the treatment on d 7, 21, and 42 (Table  3) . During the phase 2 (d 7 to 21), ADG and G:F of pigs fed the PC diet were similar to those fed the PLA diet, but both response criteria tended to be greater in pigs fed the PC and PLA diets than those fed the NC diet (P < 0.10). Pigs fed the PC and PLA diets had a greater ADFI during the overall period (d 0 to 42) than those fed the NC diet (P < 0.05). There was no effect of dietary treatment on ADG and G:F during the overall period.
Apparent Total Tract Digestibility. On d 20 and 41, ATTD of DM in pigs fed the PLA diet was greater (P < 0.05) than pigs fed the NC and PC diets (Table 4) . Pigs fed the PLA diet also had a greater N digestibility than pigs fed the NC diet (P < 0.05).
Fecal Microflora Population and pH. The pH of feces was not affected by the dietary treatment throughout the experimental period (Table 5 ). On d 6, lactobacilli and E. coli numbers in pigs fed the PC and PLA diets were greater (P < 0.05) than those fed the NC diet. However, on d 41, E. coli numbers were greatest in pigs fed the NC diet (P < 0.05).
Blood Profile. The RBC and IgG concentrations were not affected by the dietary treatment (Table 6) . However, the lymphocyte percentage and WBC concentration on d 42 were greater in pigs fed the PLA and PC diets than those fed the NC diet (P < 0.05).
Exp. 2
Growth Performance. No linear or quadratic effect of dietary treatments on ADG or ADFI was observed during the experiment (Table 7 ). The G:F tended to increase in a quadratic fashion (P < 0.10) as PLA inclusion rate increased, with the greatest value being observed with the PLA-0.2 treatment group.
ATTD of DM and N. At the end of the experiment, no differences in the ATTD of DM were observed among treatments (Table 8 ). However, the N digestibility tended to be greatest in pigs fed the PLA-0.2 diet (quadratic, P < 0.10).
Fecal Microflora Population and pH. At the end of the experiment, the fecal pH value and Lactobacillus numbers were not affected by the dietary treatment (Table 9) . Salmonella concentrations were below the detection limit (10 2 cfu/g) for all treatment groups; therefore, they were not evaluated. The number of E. coli linearly decreased with increasing dose of PLA (P < 0.001).
Blood Profile. Dietary treatment had no effect on RBC, IgG, and total protein concentration. However, the lymphocyte percentage increased as the dietary PLA levels increased (linear, P < 0.05; Table 10) at the end of the experiment. Similarly, the WBC counts on the final day of the experiment tended to increase linearly in response to dietary PLA supplementation (P < 0.10).
DISCUSSION
Growth Performance and Nutrient Digestibility
In this study, PLA was shown to exert marginal positive effects on growth performance from d 7 to 21 postweaning, which was similar to weanling pigs fed antibiotics. However, when growing pigs were used, no effects were observed, with the exception of a tendency for the G:F to increase with increasing levels of PLA. These results are in agreement with a study conducted by Canibe et al. (2005) , who reported that ADG and ADFI were not affected, but G:F tended to be greater for growing pigs fed the diet containing 1.8% formic acid. The addition of organic acids to pig diets has been examined for decades, and it has been clearly demonstrated that the addition of organic acids can improve the growth performance of early weaned pigs. For example, Walsh et al. (2007) demonstrated that addition of 0.4% organic acid blend (fumaric, lactic, propionic, citric, and benzoic acids) to the diets of nursery pigs resulted in better growth rate, feed intake, and feed Within a row, means with different superscripts differ (P < 0.05).
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Each mean represents 5 pens with 6 pigs each per treatment. Dietary treatments were as follows: NC = negative control diet; PC = positive control diet with 40 mg/kg of avilamycin and 100 mg/kg of oxytetracycline during phase 1 followed by 100 mg/kg of neomycin and 40 mg/kg of chlortetracy during phases 2 and 3; PLA = NC + 0.5% of phenyllactic acid (92%). Within a row, means with different superscripts differ (P < 0.05).
Each mean represents one pooled sample from 2 pigs in each. Dietary treatments were as follows: NC = negative control diet; PC = positive control diet with 40 mg/kg of avilamycin and 100 mg/kg of oxytetracycline during phase 1 followed by 100 mg/kg of neomycin and 40 mg/kg of chlortetracy during phases 2 and 3; PLA = NC + 0.5% of phenyllactic acid (92%).
Effects of phenyllactic acid on pigs Within a row, means with different superscripts differ (P < 0.05).
Each mean represents 5 pens one pooled sample from 2 pigs in each. Dietary treatments were as follows: NC = negative control diet; PC = positive control diet with 40 mg/kg of avilamycin and 100 mg/kg of oxytetracycline during phase 1 followed by 100 mg/kg of neomycin and 40 mg/kg of chlortetracy during phases 2 and 3; PLA = NC + 0.5% of phenyllactic acid (92%). Within a row, means with different superscripts differ (P < 0.05).
Each mean represents 5 pens with 2 pigs in each. Dietary treatments were as follows: NC = negative control diet; PC = positive control diet with 40 mg/kg of avilamycin and 100 mg/kg of oxytetracycline during phase 1 followed by 100 mg/kg of neomycin and 40 mg/kg of chlortetracy during phases 2 and 3; PLA = NC + 0.5% of phenyllactic acid (92%). efficiency compared with the NC diet. However, the results have not been consistent in older pigs. That is, the greatest improvement in performance can be observed during the early postweaning period, and the effect can diminish gradually as the age of the pig increases (Tung and Pettigrew, 2006) . This is likely because the presence of organic acids in the postweaning diet enables the weanling pig to overcome nutritional obstacles (e.g., insufficient gastric acid) that are not so detrimental to grower or finisher pigs. It has been reported that the addition of single or blends of organic acids may have a negative effect on the palatability of the diet, thus decreasing ADFI (Walsh et al., 2007) . However, in Exp. 1, it was shown that PLA can actually increase ADFI of weanling pigs. The difference may be due to the observation that PLA possesses less malodor compared with other acids, such as acetic acid (Lavermicocca et al., 2003) .
In the present study, PLA improved ATTD of DM and N in piglets, whereas only a tendency of increasing N digestibility in growing pigs was observed. It was reported in previous studies that the positive effects of organic acid on digestibility and growth performance are primarily a result of successful inhibition of the proliferation of pathogenic bacteria (Dibner and Buttin, 2002) . Bacteria need nutrients and compete with the host for nutrients in the stomach and small intestine. The lack of effect on digestibility in growing pigs may also be one of the reasons that lead to the limited improvement in the growth performance in Exp. 2. Also, the PLA inclusion rate for weanling piglets (0.5%) was much greater than those used for growing pigs (0.1, 0.2, and 3%), which should be taken into account. Acidifiers can improve ATTD of DM and CP in weaned and fattening pigs (Blank et al., 1999; Partanen and Mroz, 1999) . In a previous study conducted by Mroz et al. (2000) , it was reported that adding fumaric, formic, and n-butyric acid at 300 mEq of acid/kg of feed for growing pigs enhanced the ileal digestibility of DM as well as indispensable AA, with the exception of Arg, Met, and Cys.
Furthermore, a positive effect of organic acids on growth responses may occur primarily as a result of its specific antimicrobial activity, which may be more evident when animals are raised in a hygienically inferior environment. Therefore, the lack of a growth response to PLA and antibiotics in the present experiment may also be a result of pigs having good health status and being reared in a hygienic environment.
Fecal Microflora Population and pH
It has been reported that the addition of organic acids to the diets of pigs alters the total microbial load, which can be particularly effective against E. coli and other acid-intolerant organisms (Roth and Kirchgessner, 1998; Dibner and Buttin, 2002) . In addition, Dieuleveux et al. (1998) reported that PLA inhibited the growth of Listeria monocytogenes cultured in liquid medium or ultrahigh-temperature whole milk, as well as the growth of several strains of Staphylococcus aureus, E. coli, and Aeromonas hydrophila in solid medium. Similarly, Lavermicocca et al. (2003) reported that in vitro application of PLA at levels less than 10 mg·mL −1 had a wide fungicidal activity against 19 strains of fungi. As expected, we observed a reduction in the concentration of E. coli in feces in both experiments, which is consistent with the result of Canibe et al. (2001) who reported that 1.8% K-diformate decreased fecal coliforms in nursery pigs. Also, Øverland et al. (2007) reported that feeding 1.0% formic acid to grower pigs resulted in reduced colon coliforms. However, Biagi et al. (2007) reported that bacterial counts in jejunum, ileum, and cecum were not affected by supplementation of the pig diet with organic acid (sodium butyrate). Each mean based on 6 pens (2 pigs from each pen). Abbreviations: CON, control diet; PLA-0.1, CON + 0.1% of PLA (92%); PLA-0.2, CON + 0.2% of PLA; PLA-0.3, and CON + 0.3% of PLA.
The presence of Lactobacillus in the gastrointestinal tract is believed to be beneficial for the pig. In the current study, the number of lactobacilli increased because of the inclusion of antibiotics and PLA on d 6 postweaning. Conversely, Tung and Pettigrew (2006) stated that acids did not produce a favorable environment for Lactobacillus. Similarly, Øverland et al. (2007) reported that pigs fed different organic acids (1.0% formic acid, 0.85% benzoic acid, or 0.85% sorbic acid) had fewer lactic acid bacteria in the gastrointestinal tract.
The type of organic acids used, as well as differences in environmental factors, might explain those inconsistent results. Besides, differences in the age of animals used in this study may have played an important role in influencing the effect of organic acid. Risley et al. (1992) indicated that the intestinal microflora were affected by postweaning age, but not by organic acids.
The results of the both experiments indicated that the presence of Salmonella is not affected by the dietary treatment. However, the fecal pH of pigs fed different diets did not differ. This may be because dietary acids can function in the upper portion of the gastrointestinal tract rather than the lower part.
Blood Profile
Our results revealed that immunity-related blood profile (WBC concentration and lymphocyte percentage) were affected by the PLA supplementation at the end of the experimental period. Additionally, no infection and inflammatory reaction were detected (data not shown), and the blood profile was within the normal range. These results indicate that PLA, like other organic acids, can stimulate the immune system to some extent (Dibner and Buttin, 2002) . However, no comparisons with other studies could be made because there have been no other studies conducted to evaluate the effects of PLA on the blood profile.
The gastrointestinal system and its associated lymphoid is the largest immunologically competent organ in the body, and maturation and optimal development of the immune system after birth depend on the development and composition of the indigenous microflora and vice versa (de Vrese and Marteau, 2007) . Although the action of organic acid on the immune responses has not been well documented, it has been clearly established that many types of organic acids can affect the population of gut intestinal microorganisms, which are necessary for development of the gut immune system (Blum et al., 2002) . In addition, a reduction in subclinical infections because of antimicrobial effects may contribute to improved nutrient digestibility and a reduction in the demand for nutrients by the gut-associated immune tissue.
Moreover, by reducing the pH of the diet, organic acid may improve the utilization of minerals, such as Ca, which have positive effects on the immunity (Cole et al., 1968; Mroz et al., 2000) . Boling et al. (2000) also demonstrated that citric acid can help to release minerals bound to the phytate molecule, which in turn increase the utilization of Ca, P, and Zn. These additional minerals may provide another explanation for the improved immune status indicators that were observed in the treated pigs in this study.
Although different dietary inclusion rates of PLA had minimal effects on growth performance of grower pigs, PLA in nursery diets may enhance ADFI of nursery pigs. Furthermore, supplementation of diets with PLA can increase immune-related blood cell counts and potentially reduce E. coli numbers in weanling and growing pigs. Each mean based on 6 pens (2 pigs from each pen). Abbreviations: CON, control diet; PLA-0.1, CON + 0.1% of PLA (92%); PLA-0.2, CON + 0.2% of PLA; PLA-0.3, and CON + 0.3% of PLA; WBC = white blood cell; RBC = red blood cell.
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Values are presented as the percentage of the total WBC count.
